We report on the effect of ultraviolet ͑UV͒ treatment on the specific contact resistance ͑͒ and electronic transport at the Ti/ZnO interfaces. The experimental results show the same barrier height of Ti/ZnO samples without UV treatment as Ti/ZnO samples with UV treatment and the higher of Ti/ZnO samples with UV treatment than Ti/ZnO samples without UV treatment, suggesting the barrier-height independence of . Based on the thermionic-emission model and x-ray photoelectron spectroscopy results, we found that the induced decrease in the number of the hydroxides at the surface region of ZnO by UV treatment resulted in decreases in the electron concentration near the surface region and the excess current component related to tunneling, increasing in of Ti/ZnO samples.
I. INTRODUCTION
ZnO is a versatile material. ZnO has a direct band gap at room temperature with a large exciton binding energy and a strong cohesive energy. Its applications include antireflection coatings, transparent conducting electrodes, light-emitting diodes, flexible displays, and solar cells. [1] [2] [3] [4] [5] [6] [7] [8] The achievement of acceptable device characteristics relies heavily on developing low specific contact resistance ͑͒ Ohmic metallization schemes. 9 To produce low-resistance Ohmic contacts, a fairly high annealing temperature is required. However, thermal annealing at high temperature may cause surface roughening, surface decomposition, and spiky interfaces resulting in the deterioration of device performance and hence device reliability. 10, 11 To fabricate high-performance optoelectronic devices, low-resistance nonalloyed Ohmic contacts are essential. Treatment of the ZnO surface prior to any metal deposition has been used to decrease the contact resistivity. 12, 13 In the paper, we report on the effect of ultraviolet ͑UV͒ treatment on the contact resistivity of nonalloyed Ti Ohmic contacts to ZnO films grown by pulsed-laser deposition ͑PLD͒. The mechanisms of Ti Ohmic contacts to ZnO films with and without UV treatment were also investigated in this study. According to the experimental results, we found the same barrier height ͑ B ͒ of Ti/ZnO samples without UV treatment as Ti/ZnO samples with UV treatment and the higher of Ti/ZnO samples with UV treatment than Ti/ZnO samples without UV treatment, suggesting the barrier-height independence of . Based on the thermionic-emission ͑TE͒ model and x-ray photoelectron spectroscopy ͑XPS͒ results, we found that the induced decrease in the number of the hydroxides at the surface region of ZnO by UV treatment resulted in decreases in the electron concentration near the surface region and the excess current component related to tunneling, increasing of Ti/ZnO samples.
II. EXPERIMENT PROCEDURE
The 600 nm ZnO film grown on a ͑0001͒ sapphire substrate by PLD is used in this study. In previous studies, [14] [15] [16] [17] [18] [19] [20] undoped and doped ZnO films have been fabricated by PLD. A KrF excimer laser ͑wavelength of 248 nm͒ was employed and the beam was focused to produce an energy density of 5-7 J cm −2 at 10 Hz repetition rate on a commercial hot pressed stoichiometric ZnO ͑99.999% purity͒ target. The films were deposited at a growth rate of 94.25 nm/hr at 550°C substrate temperature and a base vacuum of 1.2 ϫ 10 −8 Torr. No oxygen gas flow was introduced during the process of growth. These grown samples were cleaned with chemical solutions of trichloroethylene, acetone, and methanol. Then, the samples were rinsed with deionized water and immediately blown dry with N 2 . In our experiments, the ZnO sample was irradiated in air for 30 min by a UV light source ͑output power density of 810 W / cm 2 ͒ with emission centered at 254 nm. Next, Ti was used as the electrode and vacuum evaporated on top of the ZnO samples with and without UV treatment. Ti was deposited using the sputter coater. X-ray diffraction ͑XRD͒ was employed to identify crystalline phases. Using a Ne-Cu laser ͑the 248.6 nm line͒ as an excitation source, the photoluminescence ͑PL͒ band was observed for ZnO samples with and without UV treatment at room temperature. XPS was employed to examine the changes in the surface band bending of ZnO, chemical bonding states of ZnO, and the band bending in ZnO near the Ti/ZnO interface. In this study, the surface band bending was determined by location of the energy of the valence band maximum ͑VBM͒ in photoemission from the sample. XPS a͒ Author to whom correspondence should be addressed. Electronic mail: rzr2390@yahoo.com.tw. system was equipped with monochromatic Al K␣ source. We took a Au 4f 7/2 peak or a C 1s peak for energy reference purposes. All binding energies are measured relative to the Fermi level ͑E F ͒. was measured using the circular transmission line method ͑CTLM͒ 21 for Ti contact to ZnO with and without UV treatment at various temperatures between 300 to 400 K. The CTLM pattern was designed with a constant outer radius r = 100 m and spacings of 2, 4, 8, 16, and 32 m. The current-voltage ͑I-V͒ characteristics of the Ti/ ZnO samples were measured using a Keithley Model-4200 semiconductor characterization system. Figure 1 shows PL spectra of the ZnO film without UV treatment. One emission peak at room temperature was observed for ZnO samples. The peak at 3.42 eV is near band edge emission, the so called ultraviolet luminescence ͑UL͒. In Fig. 1 , we do not find the green luminescence ͑peak position at ϳ2.5 eV͒ 22 related to the oxygen-vacancy-related emission. 23 The inset of Fig. 1 shows the UL spectra of the ZnO films with and without UV treatment. Compared with the ZnO films without UV treatment, we can see that the UL slightly shifted toward the low photon energy for ZnO films with UV treatment. An explanation for this will be given later. Figure 2 shows the XRD pattern of the ZnO film. 19 Diffraction peaks appearing at about 34.4°and 30.9°corre-spond to those from ZnO ͑002͒ and Zn͑OH͒ 2 ͑100͒ planes. 24, 25 However, the intensity of ͑100͒ peak is very weak. These results shown in Figs. 1 and 2 provide direct evidence on the deposition of the good-quality ZnO film. Figure 3 shows the I-V characteristics of the Ti/ZnO samples with and without UV treatment, measured between metal pads with gap spacing of 8 m. The I-V characteristics of the Ti/ZnO samples with and without UV treatment show linear behavior. It indicates that the Ohmic performance can be obtained for Ti/ZnO samples. Then, was measured using the CTLM applied to a structure with gap spacing. The associated resistance as a function of gap spacing for Ti/ZnO samples can be obtained. was determined to be 2.7ϫ 10 −5 ͑4.1ϫ 10 −6 ͒ ⍀ cm 2 for Ti/ZnO samples with ͑without͒ UV treatment.
III. EXPERIMENTAL RESULTS AND DISCUSSION
To study the formation mechanism of nonalloyed Ohmic contacts for Ti/ZnO samples with and without UV treatment, XPS was employed to determine the VBM position ͑E v ͒ of ZnO samples and the position ͑E ZnO Zn 3d ͒ of Zn 3d core-level peak at the ZnO surfaces before Ti deposition. Figure 4 shows the Zn 3d core-level and valence-band spectra collected on a ZnO sample with or without UV treatment. E v is determined by extrapolating two solid lines from the background and straight cutoff in the spectra. 26, 27 For ZnO samples without UV treatment, E v was measured to be 3.52 eV and E ZnO Zn 3d was observed at 10.96 eV, suggesting that the energy difference ͑E VC ͒ between E ZnO Zn 3d and E V is determined to be 7.44 eV, which agrees with the previously reported values of 7.3-7.5 eV. [28] [29] [30] For ZnO samples with UV treatment, E v was measured to be 2.50 eV and E ZnO Zn 3d was observed at 10.24 eV, implying that E VC is equal to 7.74 eV. The energy difference between E VC of ZnO samples with and without UV treatment is attributed to the presence of dipole at the ZnO surface following UV treatment. In photoelectron spectroscopy, the existence of a dipole at polar heterojunction can have a substantial influence on the measured binding energies of photoelectrons, depending on the origin of the collected photoelectrons being from below or above the heterojunction. 31 Hong et al. 28 found the difference between VBM and Zn 3d level as 7.5 and 7.3 eV, respectively, before and after Ar + ion cleaning. As a consequence, the measured binding energy can be smaller or larger, depending on the orientation of interface dipole. If the band gap energy ͑E g ͒ of ZnO was assumed to be 3.42 eV, E F before UV treatment would be located at approximately 0.1 eV above the conduction band minimum ͑CBM͒ ͑that is, the formation of the downward band bending͒ and E F following UV treatment would be located at approximately 0.92 eV below CBM ͑that is, the formation of the upward band bending͒. Figure 5 shows the Zn 3d core-level XPS spectra at the Ti/ZnO interface with and without UV treatment. The peaks are determined by Gaussian fitting. B at the Ti/ZnO interface was determined from the position ͑E Ti/ZnO Zn 3d ͒ of Zn 3d
According to the result shown in Fig. 5 , we find that E Ti/ZnO Zn 3d
without ͑with͒ UV treatment is located at 10.56 ͑10.86͒ eV. According to the result shown in Fig. 4 , we find that E VC without ͑with͒ UV treatment is equal to 7.44 ͑7.74͒ eV. Therefore, B of the Ti/ZnO sample without ͑with͒ UV treatment was calculated to be 0.30 ͑0.30͒ eV. We find that B of the Ti/ZnO sample without UV treatment is equal to B of the Ti/ZnO sample with UV treatment, suggesting that of the Ti/ZnO sample without UV treatment may be similar to of the Ti/ZnO sample with UV treatment. However, was determined to be 2.7ϫ 10 −5 ⍀ cm 2 for Ti/ZnO samples with UV treatment which is higher than the determined value ͑4.1ϫ 10 −6 ⍀-cm 2 ͒ for Ti/ZnO samples without UV treatment. An explanation for this will be given latter. On the other hand, we use the TE theory to calculate the B at the Ti/ZnO interface. According to the TE theory, the relationship between and B should be expressed as
where
19͒ is the effective Richardson constant of ZnO, q is the magnitude of the electron charge, k is the Boltzmann constant, and T is the absolute temperature. In Eq. ͑2͒, the contribution to current due to tunneling through the barrier is completely neglected. For the Ti/ZnO samples with and without UV treatment, B values are 0.21 and 0.16 eV ͑based on the TE theory͒, respectively, which are not in agreement with the results from the direct measurement using XPS, of 0.3 and 0.3 eV, respectively. This experimental finding cannot be explained through Eq. ͑2͒. We propose that the origin of this result is tunneling through the barrier and is related to the depletion-layer width ͑due to the higher B determined by XPS measurement than the calculated value based on the TE theory͒. An explanation for this will be given later. Figure 6 shows O 1s core-level spectra at the ZnO surfaces with and without UV treatment. Deconvolution of the O 1s core-level peak obtained via XPS studies of the ZnO surfaces without UV treatment revealed two peaks indicative of O-Zn and O-H ͑or O-OH͒ bonding, [33] [34] [35] respectively. The peaks are determined by Gaussian fitting. The binding energy shown here has been scaled with respect to the position of the O-Zn bond peak. In Refs. 33-35, the binding energy of O-Zn ͑O-H or O-OH͒ bonds had been determined to be 531.3 ͑532.9͒ eV by XPS measurement. Therefore, the difference in the O-Zn bond and the O-H bond energies is determined to be 1.6 eV. The XPS result is in agreement with the XRD result ͓shown in Fig. 2͔ . Comparing the Ti/ZnO sample without UV treatment, we can see that the O-H bond peak in the XPS spectrum becomes a smaller fraction of the total O peak for the Ti/ZnO sample with UV treatment. Firstprinciples calculations have provided evidence that H behaves as a shallow donor in ZnO and can be incorporated into the thin film via the formation of O-H bonds at the surface during growth. 34 , 36 Cai et al. 37 suggested that the incorporated hydrogen not only passivates most of the defects, but also introduces shallow donor states. Gu et al. 35 pointed out that the presence of the hydroxide constituent could lead to the formation of an accumulation layer having a high conductivity on the ZnO surface. Look et al. 38 found that the surface sheet carrier concentration increases with increasing the intensity of the O-H bond peak in the XPS spectrum. Mönch 39 pointed out that the current transport across metal-semiconductor contacts occurs by TE over the barrier for doping levels of the semiconductor up to approximately 10 18 donors per cm 3 , while above this limit tunneling through the then narrower depletion layers dominates. This provides the evidence that a number of O-H bonds, acting as donors for electrons, were existed at the ZnO surfaces, resulting in the formation of low-resistance nonalloyed Ohmic contacts for Ti/ZnO samples without UV treatment. In addition, was determined to be 2.7ϫ 10 −5 ⍀ cm 2 for Ti/ZnO samples with UV treatment, which is higher than the determined value ͑4.1ϫ 10 −6 ⍀ cm 2 ͒ for Ti/ZnO samples without UV treatment. This is attributed to the presence of the wider depletion layer at the Ti/ZnO interface ͑due to the lower intensity of O-H bonds of Ti/ZnO samples with UV treatment than Ti/ZnO samples without UV treatment, as shown in Fig. 6͒ , leading to a decrease in the probability of field emission. Consequently, we suggest that the tunneling plays an important role in the carrier transport across the barrier at the Ti/ZnO interface.
The measurement temperature dependence of obtained on the basis of the TE model and CTLM data is shown in Fig. 7 . It is worth noting that obtained on the basis of CTLM data for Ti/ZnO samples with or without UV treatment is less sensitive to measurement temperature than that obtained on the basis of the TE model. Figures 7͑b͒ and 7͑c͒ show that the contacts exhibit almost constant in the temperature range of 300-400 K. In addition, we find that obtained on the basis of the TE model is higher than that obtained on the basis of CTLM data. These results show that the dominant mechanism of current transport is field emission.
The well-known equations for the electron concentration ͑n 3 ͒ and mobility ͑ 3 ͒ in two-layer systems are expressed as 38,40
In Eqs. ͑3͒ and ͑4͒, n 1 and 1 represent the bulk, conductionband electrons, and n 2 and 2 , the surface-layer electrons. d 1 is the bulk thickness and d 2 is the surface-layer thickness ͑d 1 + d 2 = 600 nm͒. However, the actual thickness of the surface layer is unknown. d 2 was assumed to be 4 nm in this study. According to the Van der Pauw-Hall measurements, we found that the electron concentration ͑n 3 ͒ and mobility ͑ 3 ͒ of the ZnO films without UV treatment were calculated to be 4.3ϫ 10 17 cm −3 and 12 cm 2 V −1 s −1 , respectively. According to the Van der Pauw-Hall measurements, we found that the electron concentration and mobility of the ZnO films with UV treatment were calculated to be 2.5ϫ 10 16 cm −3
and 48 cm 2 V −1 s −1 , respectively. However, the actual n 1 and 1 of the bulk are difficult to obtain in this study. We assume that UV treatment may lead to the removal of the excess surface-layer electrons, meaning that n 1 ͑ 1 ͒ can be assumed to be the electron concentration ͑mobility͒ of the ZnO films with UV treatment. Then, n 2 and 2 can be obtained from Eqs. ͑3͒ and ͑4͒. n 2 and 2 were estimated to be 5.3ϫ 10 20 cm −3 and 1.12 cm 2 V −1 s −1 , respectively. Based on the XPS result shown in Fig. 6 , the large portion of O-H bond peak comparing O-Zn peak still remained after UV treatment. However, we found that the surface-layer electron concentration was higher than 10 19 cm −3 even for n 1 as low as 10 15 cm −3 . Clearly, the higher surface-layer electron concentration than 10 19 cm −3 could lead to the occurrence of carrier tunneling at the Ti/ZnO interface and an increase in E g of ZnO determined by PL measurements. We deduce that the enlarged E g of 3.42 eV and the detected shift in UL spectra following UV treatment ͑shown in the inset of Fig. 1͒ are associated with a pronounced Burstein-Moss shift. 41 According to the Burstein-Moss shift, the band gap widening for n-type semiconductors with a parabolic band is attributed to the free electron concentration. When the concentration of electrons in the conduction band exceeds the effective density of states in the conduction band of ZnO, the Fermi energy lies within the conduction band. The type of semiconductor is called degenerate n-type semiconductor. 42 According to the XPS result shown in Fig. 4 , we find that E F before UV treatment is located at approximately 0.1 eV above CBM, suggesting the formation of the downward band bending and the occurrence of degeneration. These results demonstrate that the contact type conversion involves a decrease in the number of O-H bonds plus lowered tunneling due to UV treatment.
IV. CONCLUSIONS
The effect of UV treatment on the and electronic transport at the Ti/ZnO interfaces has been researched in this study. We found that the tunneling plays an important role in the carrier transport across the barrier at the Ti/ZnO interface. The experimental results show the same B of Ti/ZnO samples without UV treatment as Ti/ZnO samples with UV treatment and the higher of Ti/ZnO samples with UV treatment than Ti/ZnO samples without UV treatment, suggesting the barrier-height independence of . Therefore, we deduce the contribution to current due to tunneling through the barrier must be taken into account and is related to the depletion-layer width. The XPS results also show the induced decrease in the number of the hydroxides at the surface region of ZnO by UV treatment. This provides the evidence that a decrease in the number of O-H bonds existed at the ZnO surfaces may result in a decrease in the electron concentration near the surface region, increasing the of the Ti/ZnO samples.
